The central catalyst in eukaryotic ATP-dependent homologous recombination consists of RAD51 proteins, polymerized around single-stranded DNA. This nucleoprotein filament recognizes and invades a homologous duplex DNA segment 1,2 . After strand exchange, the nucleoprotein filament should disassemble so that the recombination process can be completed 3 . The molecular mechanism of RAD51 filament disassembly is poorly understood. Here we show, by combining optical tweezers with single-molecule fluorescence microscopy and microfluidics 4,5 , that disassembly of human RAD51 nucleoprotein filaments results from the interplay between ATP hydrolysis and the release of the tension stored in the filament. By applying external tension to the DNA, we found that disassembly slows down and can even be stalled. We quantified the fluorescence of RAD51 patches and found that disassembly occurs in bursts interspersed by long pauses. After relaxation of a stalled complex, pauses were suppressed resulting in a large burst. These results indicate that tension-dependent disassembly takes place only from filament ends, after tension-independent ATP hydrolysis. This integrative singlemolecule approach allowed us to dissect the mechanism of this principal homologous recombination reaction step, which in turn clarifies how disassembly can be influenced by accessory proteins. Homologous recombination is a vital mechanism that maintains genome integrity by repairing double-strand breaks in DNA, and generates genetic diversity by exchanging DNA between chromosomes during meiosis. The central process in homologous recombination is the strand exchange between homologous DNA segments. Recombinase proteins such as RecA and RAD51 catalyse this process by forming an ATPdependent helical filament around single-stranded DNA (ssDNA) 1 . This filament finds a homologous segment of double-stranded DNA (dsDNA), invades it and catalyses strand exchange to generate a joint molecule. This resulting structure is further processed in several steps by additional proteins, finally yielding two intact, homologous dsDNAs 1,2 . For these steps to proceed properly, it is essential that RAD51 filaments disassemble. Hydrolysis of ATP bound at the interface between adjacent monomers is a prerequisite for filament disassembly 6-8 . RecA and RAD51 not only form ATP-dependent filaments on ssDNA but also on dsDNA 4, [9] [10] [11] . These dsDNA nucleoprotein filaments may have deleterious effects in vivo, for example by sequestering these recombinases in nonfunctional complexes that could obstruct other DNA transactions. RAD51 filament disassembly can be aided by auxiliary proteins 3 . To understand recombinase removal, it is necessary to determine the molecular mechanism of the intrinsic RAD51 disassembly reaction.
The central catalyst in eukaryotic ATP-dependent homologous recombination consists of RAD51 proteins, polymerized around single-stranded DNA. This nucleoprotein filament recognizes and invades a homologous duplex DNA segment 1, 2 . After strand exchange, the nucleoprotein filament should disassemble so that the recombination process can be completed 3 . The molecular mechanism of RAD51 filament disassembly is poorly understood. Here we show, by combining optical tweezers with single-molecule fluorescence microscopy and microfluidics 4, 5 , that disassembly of human RAD51 nucleoprotein filaments results from the interplay between ATP hydrolysis and the release of the tension stored in the filament. By applying external tension to the DNA, we found that disassembly slows down and can even be stalled. We quantified the fluorescence of RAD51 patches and found that disassembly occurs in bursts interspersed by long pauses. After relaxation of a stalled complex, pauses were suppressed resulting in a large burst. These results indicate that tension-dependent disassembly takes place only from filament ends, after tension-independent ATP hydrolysis. This integrative singlemolecule approach allowed us to dissect the mechanism of this principal homologous recombination reaction step, which in turn clarifies how disassembly can be influenced by accessory proteins. Homologous recombination is a vital mechanism that maintains genome integrity by repairing double-strand breaks in DNA, and generates genetic diversity by exchanging DNA between chromosomes during meiosis. The central process in homologous recombination is the strand exchange between homologous DNA segments. Recombinase proteins such as RecA and RAD51 catalyse this process by forming an ATPdependent helical filament around single-stranded DNA (ssDNA) 1 . This filament finds a homologous segment of double-stranded DNA (dsDNA), invades it and catalyses strand exchange to generate a joint molecule. This resulting structure is further processed in several steps by additional proteins, finally yielding two intact, homologous dsDNAs 1,2 . For these steps to proceed properly, it is essential that RAD51 filaments disassemble. Hydrolysis of ATP bound at the interface between adjacent monomers is a prerequisite for filament disassembly [6] [7] [8] . RecA and RAD51 not only form ATP-dependent filaments on ssDNA but also on dsDNA 4, [9] [10] [11] . These dsDNA nucleoprotein filaments may have deleterious effects in vivo, for example by sequestering these recombinases in nonfunctional complexes that could obstruct other DNA transactions. RAD51 filament disassembly can be aided by auxiliary proteins 3 . To understand recombinase removal, it is necessary to determine the molecular mechanism of the intrinsic RAD51 disassembly reaction.
To follow this process under controlled conditions, we developed an instrument that combines fluorescence microscopy with forcemeasuring dual optical traps 4 and a custom-built multichannel microfluidic flow cell ( Supplementary Fig. 1 ) [11] [12] [13] . This instrument enabled us to control and trigger biochemical reactions at the same time as mechanically manipulating individual DNA molecules. It also allowed us to image and quantify the fluorescence from functional human RAD51 variants with a single surface-exposed cysteine, labelled with Alexa Fluor 555 (refs 4 and 14) .
Our experimental assay, in which we moved single Ca 21 -stabilized RAD51-dsDNA complexes 4, 15, 16 to a Mg 21 -containing buffer by swiftly shifting the microscope stage between parallel flow channels, is depicted in Fig. 1a . This buffer exchange activates ATP hydrolysis. Figure 1b shows a kymograph 4 of fluorescently labelled RAD51 polymerized onto a dsDNA molecule, held from one side by a single optically trapped bead and stretched by buffer flow (Supplementary Video 1). The triggered ATP hydrolysis results in filament disassembly, evidenced by a steady decrease of intensity and a marked shrinkage of the complex. This shrinkage, caused by relief of RAD51induced DNA extension, immediately excludes photobleaching as the cause of intensity decrease 4 . Some patches seem to shrink from their ends (for example, the one marked with an asterisk, Fig. 1b ), suggesting that disassembly occurs from filament ends, as reported for RecA [17] [18] [19] . Using a more sophisticated analysis, we will address this question in more detail later.
RAD51 forms helical filaments on dsDNA that extend the DNA by about 50% compared to B-form DNA 4, 7, 10, 14 . It is possible that the tension thus stored forms a driving force for the disassembly process 20 . To test this hypothesis, we captured RAD51-DNA complexes from both ends between two optically trapped beads 4, 13 . Figure 2a shows the time course of fluorescence intensity and tension for a complex undergoing disassembly while being held at fixed end-to-end distance (Supplementary Video 2). Owing to the shrinking contour length, the DNA pulls itself taut, after which tension gradually builds up. We observed that disassembly slowed down with increasing tension and even stalled at a tension of 48 6 3 pN (s.e.m.; n 5 7). To test that this slowing down is an actual characteristic of RAD51 and not due to the decreasing number of monomers left to dissociate, we examined the effect of a sudden tension release, induced by instantaneously moving the optical traps closer together. Indeed, disassembly immediately reinitiates after tension release ( Fig. 2b) , confirming the stabilizing effect of tension on RAD51 filaments.
The disassembly rate, calculated as the time derivative of the fluorescence intensity, decreased with tension ( Fig. 2c) . Apparently, the energy barrier of disassembly is raised by a tension increase, stabilizing the RAD51-bound state. The rate decrease is well fit by a single exponential, suggesting a dependence according to Arrhenius's law:
, in which k B T is the thermal energy, F is the tension, and x { denotes the distance to the transition state along the relevant reaction coordinate 21 . This transition state is intermediate between the initial state with RAD51 bound to extended DNA, and the final one with relaxed DNA without RAD51. We determined x { to be 0.27 6 0.04 nm (s.e.m., n 5 9). One RAD51 monomer covers three base pairs and holds them in an extended conformation of about 1.5 nm in length (compared to 1 nm in canonical B-form DNA) 4, 7, 10, 16 . Therefore, on disassembly of a single monomer the DNA shrinks at most by half a nanometre. Hence our value for the location of the transition state, x { , is consistent with filaments disassembling one monomer at a time.
We next sought to demonstrate more directly that RAD51 filaments disassemble as monomers from filament ends, and to extract kinetic rates. To address these questions, we calibrated the fluorescence intensity to numbers of RAD51 monomers using singlemolecule photobleaching steps in Ca 21 -stabilized, optically trapped RAD51-DNA complexes ( Supplementary Figs 2 and 3) . Figure 3a shows a kymograph and corresponding disassembly traces of four isolated RAD51 patches. A notable feature emerges: the intensity decrease is not continuous, but occurs in bursts of varying size, interspersed with pauses in the order of minutes. We fitted many such isolated disassembling filaments using a step-fitting algorithm (blue lines in Fig. 3a and see Supplementary Fig. 2) 22 . Using the fitted steps, the kinetics of the disassembly can be analysed from distributions of pause durations and burst sizes ( Fig. 3b and Supplementary  Figs 4 and 6 ). Pause durations are exponentially distributed with a time constant of 152 6 9 s, suggesting that the pauses were caused by a single Poisson waiting step in the reaction.
This burst-wise disassembly can be understood by a model in which monomers dissociate exclusively from filament ends after ATP hydrolysis (graphically depicted in Fig. 4a ). Assuming ATP hydrolysis takes place uniformly along the nucleoprotein filament (such as RecA 23 ), we interpret pauses as events in which filament disassembly transiently halts because the terminal monomer has ATP bound. Once that ATP is hydrolysed, the terminal monomer loses contact with the DNA and dissociates, as do the neighbours that have already hydrolysed their ATP. This burst of disassembly stops once an ATP-bound monomer is encountered. An inference of this model is that the ATPase rate of RAD51 bound to dsDNA is the reciprocal of the average pause duration. To determine this rate accurately we need to take into account the fact that the fit residuals in the pause plateaus show a small but non-zero average slope (20.01 monomers s 21 ). This indicates that small steps (1-3 monomers) are hidden in the noise in our single-patch intensity traces (Fig. 3a) under the applied illumination conditions. From this we could determine that on average one short disassembly event per fitted pause was not detected, and that we thus overestimated the average pause duration by a factor of 2. Taking this into account, we determined that the ATP hydrolysis rate, k hydr , is 0.6-1.3 3 10 22 s 21 . This value is similar to that measured with bulk chemical kinetics assays 24 , which confirms that the observed pauses are governed by ATP hydrolysis. Interestingly, burst-wise disassembly was still observed in the presence of 2 mM ATP (k hydr 5 1.0 3 10 22 s 21 ; Supplementary Fig. 4 ). This suggests that ATP renewal along the filaments takes place at a considerably slower rate than hydrolysis, if occurring at all, suggesting that ADP release is slower than disassembly. This is consistent with ATPase assays that showed that ADP release is the rate-limiting step in the ATPase cycle [24] [25] [26] . Our model also predicts the shape of the intensity curves such as that shown in Fig. 2a (see Supplementary Fig. 5 ), yielding an estimate for the average filament length of 10-50 monomers, in agreement with previous results 16 . Moreover, we can predict that on average 5-10 monomers are involved in a burst, which is in agreement with our measurements (compare the total numbers of bursts in Fig. 3a and Supplementary Fig. 6 ). In our disassembly model, ATP hydrolysis precedes dissociation of monomers. A question remains as to which of these two causes the reaction to stall when tension is applied to the DNA (Fig. 2) . In case only dissociation would depend on tension, ATP hydrolysis would proceed even when disassembly is stalled with high tension. When such a stalled complex is relaxed, an extended disassembly burst without pauses is expected. Indeed, isolated stalled patches exhibit such extended disassembly (Fig. 4b) , confirming that ATP hydrolysis continues even at high DNA tension. Apparently, DNA tension changes which reaction step is rate-limiting: ATP hydrolysis on filament ends at no tension and monomer dissociation at high tension. The extended bursts in Fig. 4b allowed us to directly determine the intrinsic dissociation rate of RAD51 monomers at low tension from the slope of the intensity decrease: k dissoc 5 0.51 6 0.14 s 21 (s.e.m., n 5 5). The complete mechanokinetic model for ATP hydrolysis and tension-dependent RAD51 disassembly is summarized in a free-energy diagram in Fig. 4c . The extension of DNA that RAD51 imposes acts as a loaded spring that, in part, drives the disassembly reaction. For this to occur, the RAD51-DNA complex must shorten by x { to reach the transition state through thermal fluctuations. The amplitudes of thermal fluctuations shortening the DNA are reduced by external tension, kinetically disfavouring disassembly. In contrast, ATP hydrolysis seems to be independent of DNA tension, suggesting that hydrolysis does not alter the extended conformation of the DNA. Our data and model illustrate how RAD51 filament stability crucially depends on the nucleotide state of the filament terminus. When the terminal RAD51 is in the ATP-bound state, the filament end is stably attached to the DNA. After hydrolysis, the terminal RAD51 loses its DNA affinity and detaches. Within a filament, RAD51 monomers seem to be locked onto the DNA by their neighbours, independent of the nucleotide state. In RecA-DNA co-crystals, such coupling between nucleotide state, monomer-monomer interactions and recombinase binding to DNA has also been observed 27 . Notably, with our data and model it now becomes possible to shed new light on the way accessory proteins can catalyse filament disassembly. First, our data show that RAD51 nucleoprotein filament ends dominate the disassembly process, clarifying why proteins such as RAD54 interact with filament termini to stimulate disassembly 28 . If RAD54 destabilizes the interaction between the terminal RAD51 and DNA, this would result in accelerated disassembly by decreasing the duration of pauses that we show occur during unaided RAD51 disassembly. Second, it explains why stable RAD51 filaments in the presence of ADP can only form when there is at least some ATP present 29 : the end caps need to contain ATP to stabilize a filament. This, in turn, clarifies why the rate of RAD54-assisted filament disassembly is higher in the presence of ADP 30 . These ADP-containing filaments would give rise to longer disassembly bursts and RAD54 would need to remove ATP-stabilized end caps less often. Thus, concurrent visualization, quantification, manipulation and triggering of the dynamics of RAD51 filaments provided a comprehensive understanding of spontaneous RAD51 nucleoprotein filament disassembly, which in turn allowed new insights in the disassembly assisted by accessory proteins. We expect that integrative single-molecule approaches, such as those used here, will also be of great value in dissecting many other complex biological reactions.
METHODS SUMMARY
Biotinylated l-DNA and fluorescently labelled human RAD51 (isoform Q313) were prepared as described elsewhere [12] [13] [14] . RAD51-dsDNA nucleoproteins were pre-assembled in Ca 21 -stabilized conditions as used before 4, 14 . ATP hydrolysis was triggered in the flow cell by exposing the trapped RAD51-dsDNA complex to a buffer containing 10 mM Mg 21 and 10 mM EGTA. Descriptions of the combined dual optical tweezers and fluorescence microscope 4 as well as data analysis procedures are provided in the Supplementary Information and Supplementary Figs 1-3. 
